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Abstract 

We study the inflation process of universe based on the renormal- 
izable quantum gravity formulated as a conformal field theory (CFT). 
We show that the power-law CFT spectrum approaches to that of 
the Harrison-Zel'dovich-Peebles type as the amplitude of gravitational 
potential gradually reduces during the inflation. The non-Gaussanity 
parameter is preserved within order of unity due to the diffeomor- 
phism invariance. Sharp fall-off of the angular power spectrum of 
cosmic microwave background (CMB) at large scale is understood as 
a consequence of the existence of dynamical scale of the quantum 
gravity Aqg(— 10^''GeV). The angular power spectra are computed 
and compared with the WMAP5 and ACBAR data with a quality of 
X^/dof ~ 1.1. 



1 Introduction 



Recent observations of anisotropics in the cosmic microwave background 
(CMB) by various groups such as the cosmic background explore (COBE) 
[1], the Wilkinson microwave anisotropy probe (WMAP) [2, 3], and the ar- 
cminute cosmology bolometer array receiver (ACBAR) [4] have provided a 
refined picture of the history of universe after the big bang. Cosmologi- 
cal parameters are determined with high accuracy based on the cosmolog- 
ical perturbation theory [5, 6, 7, 8], assuming only the primordial spec- 
trum close to that of the Harrison-Zel'dovich-Peebles [9, 10, 11]. We be- 
lieve that one of the important problems remained in the study of inflation 
[12, 13, 14, 15, 16, 17, 18, 19, 20] is to clarify dynamics producing such a scale- 
invariant spectrum from the fundamental theory rather than introducing an 
artificial field by hands just for the phenomenological purpose. 

As the fundamental theory, we will employ the renormalizable quantum 
gravity formulated based on the conformal field theory (CFT) in four dimen- 
sions [21, 22, 23, 24]. It predicts that quantum fiuctuations of the conformal 
mode in gravitational fields become so large at very high energies beyond 
the Planck scale, and a conformally invariant space-time is realized as a 
consequence of background metric independence. It then produces a power- 
low spectrum and a non-Gaussian fiuctuation distribution for the theoretical 
generation of CMB spectrum. 

Evolution of the early universe can be regarded as a violating process 
of conformal invariance [25, 23, 26, 27]. The conformal symmetry starts 
to be broken at the Planck scale, and the space-time dynamics shifts to 
the inflationary epoch with the expansion time constant about the Planck 
mass mpi(= l/\fG). The conformal invariance is completely broken at the 
dynamical scale of quantum gravity Aqg, which is expected to be 10^''GeV. 
At this energy scale, the inflation terminates, and the universe turns to the 
classical Friedmann universe. 

The purpose of this paper is to clarify how the Harrison-Zel'dovich- 
Peebles spectrum is prepared for the initial condition of the cosmological 
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perturbation equation for computing the CMB angular power spectra. The 
time evolution of gravitational fluctuations in the inflationary background 
has been studied within the linear approximation [26]. It was shown that 
during the inflation the amplitude of scalar fluctuation decreases to the size 
which solves the flatness problem. Combining this result with smallness 
of the non-Gaussianity, we will show that the 'almost' Harrison-Zel'dovich- 
Peebles spectrum (a constant spectrum with rapid fall-off at small momenta) 
emerges after the inflation. 

The tensor mode which measures a degree of deviation from the confor- 
mal invariance is expected to be small initially because of the asymptotically 
free behavior of this mode, while its amplitude is preserved during the infla- 
tion. Thus, the tensor mode also gives a significant contribution at the later 
stage in the primordial spectra for the computation of the CMB multipole 
distribution. 

The correlation length of quantum gravity is given by the order of = 
1/Aqg, and it brings the absence of correlations of two points separated larger 
than ^\ initially prepared before the universe starts infiation. This explains 
the sharp fall off of the angular power spectra at low multipoles [25] . 

2 Quantum Gravity Cosmology 

The renormalizable quantum gravity formulated as a perturbed theory 
from CFT is defined by the dimensionless action [21, 22, 23, 24], 

/ = / ,'.V=^ _ + i (^ii - a + £m) } , (1) 

where C^^xa^ is the Weyl tensor, G4 is the Euler density, and t is a dimen- 
sionless coupling constant which measures a degree of deviation from CFT. 
The cosmological constant is denoted by A, whose effect can be neglected in 
the early universe. £m represents the Lagrangean for conformally invariant 
matter fields, and fi is the Planck constant which is taken to be unity. 
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The metric field is decomposed to the conformal mode and the traceless 
tensor mode hf^i, as 

fl'/ii/ ~ 6 '^9iJ,vi QiJii' ~ V^v ~l~ ^ixv-i (2) 

with tr{h) = 0. Signature of the flat background metric r]^i, is (—1, 1, 1, 1), 
which deflnes the conformal time and the comoving frame with the coordi- 
nates — {rj, x^) and — {d^, di). 

The traceless tensor mode, which is governed by the Weyl action, is 
handled perturbatively in terms of the coupling t. The renormalized cou- 
pling constant tr indicates the asymptotic freedom with the beta function 

— —Potf {Po > 0) [28, 21]. It justifies the perturbative treatment of this 
mode, and also implies the existence of a dynamical energy scale Aqq. The 
running couphng constant is then written as l/t^{p) — /3Qlog{p'^ / Aqq) for a 
physical momentum p. 

A recent significant progress in quantization techniques is that the con- 
formal mode has been managed non-perturbatively, as in the case of two- 
dimensional quantum gravity [29, 30, 31]. When we rewrite the diffeo- 
morphism invariant measure in terms of the practical measures defined on 
the flat background metric the partition function is expressed as Z = 
J[d(f)dh- ■ ■]f, exp(iiS' + il). The induced action S is the Jacobian needed to 
recover the diffcomorphism invariance. At the lowest order of the coupling 
tr, it gives the kinetic term of the conformal mode, called the Riegert action 
[32, 33, 34, 35], 

S--^J o?VA40, (3) 

where A4 = (Oxd^^ + o{h) is a conformally invariant fourth-order differential 
operator for a scalar fleld variable. This action is a four-dimensional counter 
part of the Liouville-Polyakov action in two dimensions. The coefficient has 
been computed to be bi = {Nx + llNw/2 + 62Ar^)/360 + 769/180, where 
Nx, Nw, and Na are numbers of scalar fields, Weyl fermions, and gauge 
fields, respectively, and the last term is a quantum loop correction from 
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gravitational fields. Since bi for various GUT models is given about 10, we 
consider this case in the following. 

There are various proporsals in the past how to treat the problem of 
ghosts. For example, Tomboulis [36] proposed that ghosts might be removed 
in the IR region based on the idea of Lee and Wick using the resummed 
propagator in asymptotically free theories. The idea of asymptotic safety by 
Weinberg [37] is defined as a cutoff model expanded in derivatives about the 
ghost-free Einstein theory assuming the existence of a non-trivial UV fixed 
point where the cutoff is taken to be infinity. Recently, Horava [38] proposed 
a higher-derivative gravity model by making ghosts non-dynamical at the 
cost of diffcomorphism invariance in the UV limit. 

Our proposal [24] is that the problem of ghosts should be reconsidered 
under the light of CFT described by the combined system of the Riegert and 
the Wcyl actions which appears in the UV limit. Since the conformal symme- 
try realized as a part of diffcomorphism invariance mixes positive-metric and 
negative-metric modes of the gravitational field, we cannot consider these 
modes separately and thus the field acts as a whole in physical quantities. 
At present we do not have a complete proof on the unitarity problem yet, 
but there is no unphysical behavior at least within discussions given in this 
paper. 

The quantum gravity cosmology [25, 23, 26, 27, 39] is now defined by the 
effective action described hy S+I together with higher tr corrections in which 
the two mass scales are ordered as mpi ^ Aqg. When the universe is at the 
Planck scale, the coupling constant is negligibly small due to the asymptotic 
freedom, and the equation of motion for the homogeneous component of 
conformal mode, (f), is obtained to be 

hd^^ - 2>T:ml,e'\dl^ + a^0a^0) = 0. (4) 

We introduce the proper time r through dr — adrj with the scale factor a — 
e'^. In terms of H — d/a, where dot represents the proper time derivative, the 
stable solution is written as H — Hn which corresponds to the inflationary 
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universe a(T) oc e^^"^, where Hn — mpiyn/bi. The constant Hd has a order 
of the Planck scale, and Tp — 1/ Hjy is called Planck time in the foUowings. 

As the universe expands, the running coupling constant grows and di- 
verges at the dynamical time scale t\{— 1/Aqg). At this point, the con- 
formal symmetry completely breaks down and quantum coherence of fields 
disappears resulting the emergence of classical space-time. 

The evolution equation incorporating such a space-time dynamics [26] is 
effectively obtained by including quantum corrections to the coefficient hi 
in equation (4) by - aitl + ■ ■ ■) = biBo{tr) [23, 22]. The higher order 
corrections are taken into account in the dynamical factor Bq by assuming a 
resummention form 

MU) - (5) 

By regarding the energy scale to be the inverse of time in the expanding 
universe, the time-dependence of Bq is defined by replacing to the run- 
ning coupling constant t^(r) = l/^olog(l/T^AQQ), which is a solution of the 
renormalization group equation —rdtr/dr — f3t{tr)- The equation of motion 
is then written in terms of the Hubble variable as 

Bo{t) (h +7HH + + ISH^H + - SH^ {h + 2H'^) = 0. (6) 

It shows that when the running coupling diverges at ta, the dynamical factor 
Bo vanishes, and the transition from the conformal gravity to the Einstein 
gravity occurs, as shown in fig.l.^ 

Similarly, we obtain the equation of energy conservation from the time- 
time component of the stress tensor as 

Bo{t) (2HH -H^ + GH'^H + - SHIH"^ + 87rV/&i = 0, (7) 

where p is the matter density. This equation shows that the matter density 
vanishes initially because of if ~ Hj^ and So ~ 1 at Tp, while it increases 

^The parameters, /3o, ai and k, are determined phenomenologically because they de- 
pend on strong-coupling dynamics of the tracclcss tensor mode. In this paper, they are 
chosen to be Po/bi = 0.06, ai/bi = 0.01 and k = 0.5 as used in [26]. 
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sharply as Bq vanishes at r\. The energy which creates matter fields p 
originates from a degree of freedom in the conformal mode. 
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Figure 1: Evolution of the scale factor a(r). The space-time starts growing rapidly 
at the Planck time rp. The inflation ends at the dynamical time scale (= 60rp). 
After r bigger than t\, the scale factor follows the equation of motion from the 
low energy effective theory of gravity given by an expansion in derivatives of the 
metric field in which the lowest term is the Einstein action (see [26] in detail). 

The number of e-foldings from the Planck time Tp to the dynamical 
time ta is approximately given by the ratio of two mass scales: jVg = 
log[a(TA)/a(Tp)] ~ Hd/Aqq. We here choose Hj^/Aqq — 60 which is apro- 
priate to solve the fiatness problem, and then the dynamical scale is given 
by Aqg ^ lO^^GeV. The evolution scenario of the universe based on the 
quantum gravity cosmology is depicted in fig. 2. 

Amplitude of the relative scalar curvature fiuctuation, 5r — 5R/R, in the 
inflationary background is then estimated as follows. Since the curvature 
has two derivatives, the curvature fluctuation would be order of square of 
the energy scale. Hence, 5/,' is about Aqq/12H^ ~ 1/12//^ at the transition 
point, where the denominator is the curvature of inflationary background. It 
gives the magnitude about the order of 10~^ consistent to the observed value 
by the COBE and WMAP. 
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In this way, we revive Starobinsky's idea of inflation [16, 17, 18, 19, 20] 
on the foundation of modern quantum fleld theory. 




1/H (Hubble distance) 



Figure 2: Evolution scenario of the universe based on the quantum gravity 
cosmology. The initial fluctuation prior to inflation with the correlation length 
= 1/Aqg -^p) is expanded up to the Hubble distance l//fo(— 5000Mpc) 
today. There is no correlation between two points with a distance larger than ^a- 
Therefore, two points separated beyond ^a multiplied by the scale factor 10^^ to- 
day lack correlation, and it is our resolution on the sharp fall-off of CMB angular 
power spectra at large angles. 

3 Scale Invariant Spectra 

Let us describe evolution of the conformal mode starting from the period 
before inflation to the transition point. Our main concern is to show how 
the initial power law spectrum propagates to the effective spectrum at the 
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transition point, which serves as the initial spectrum for the classical equation 
of cosmological perturbation theory. 



Scalar spectrum The initial spectrum is set at a time Tj = 1/Ei with > 
Hy) before the space-time starts inflation, where the scale factor is considered 
to stay almost constant (see fig.l). The scalar spectrum at this epoch is then 
given by the correlation function of the scalar curvature operator governed 
by the Riegert action (3). Denoting to be a fluctuation of the conformal 
mode, the relative scalar curvature fluctuation is written as 

5R 



^e'^ {-d.d'cp - d.cpd'cp) (8) 



12m2 2m2 

with the initial conditions 8-^^ — d^(f — 0. Here, m = a{Ti)Hjy is the 
Planck mass at Xj in the comoving frame, where the scale factor of today 
is normalized to be unity. The Fourier transform of this operator in the 
comoving momentum is given by 

~5R{k) = ^<^nl(A:), (9) 



where 



<^nl(A;) = m + / (k/2 - q) ^ (k/2 + q) + (10) 

up to the second order of </?. This expression shows that the so-called local 
non-Gaussianity or non-linearity parameter /nl of the scalar spectrum de- 
fined by (^nl(x) = (^(x) -|-/nl¥'^(x) in the real space [40] is of the order unity, 
/nl ^ 1. 

We begin with considering the linear part of the initial scalar spectrum. 
Prior to the inflation the four- derivative dynamics of the action (3) brings a 
long range correlation much larger than the horizon distance of the inflation- 
ary phase given by the Planck length Lp = l/Hj^. The equal time two-point 
correlation function of the (p field is written in terms of the logarithmic func- 
tion as 

{ip{r„ x)99(r„ x')) = log (m^lx - xf )) (11) 
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at Tj. The Fourier transform of the logarithmic correlation is given by the 
formula 

where e is an infinitesimal cut-off and 7 is the Euler constant. Since the 
constant term in Fourier space is proportional to 5^(k), we disregard it. 
Thus, we obtain the scale-invariant spectrum of Harrison-Zel'dovich-Peebles 
as the initial spectrum, 

^Mr.,k)R = i-, (13) 

where ((^(k)(^(k')) = (|(^(k)p)(27r)3(53(k + k'). The positivity of the ampli- 
tude reflects the right sign of the Riegert action, bi > 0. 

In order to obtain the spectrum at the transition, we have to solve the 
evolution equation for fluctuations. We first consider linear equations of 
motion with the initial spectrum (13) and see the inflationary solution is 
stable. The evolution equations are given in Appendix.^ These equations 
connect the CFT phase with the Friedmann phase as a function of the running 
coupling constant. Within the linear approximation, it was shown that the 
amplitudes of Bardeen's gravitational potentials defined by ds"^ = a^[— (1 + 
2^)d7f + (1 + 2$)(ix^] are reduced small enough during the infiation.^ The 
result is depicted in fig. 3. The initial fiuctuation is prepared by that of the 
conformal mode ip with the condition $ = ^, while two scalar potentials 
mix during the evolution and at the transition point the dynamics drives 
the potentials to $ = — \E', which connect to the Friedmann universe. The 
amplitude of order of 10^^ is obtained numerically by choosing parameters 
in the factor (5) which may depend on strong coupling dynamics to be the 

^Thc evolution equation of fluctuation including quantum gravity effects was first dis- 
cussed in [17, 18]. But, in those days, the Riegert action and the running coupling effect 
were not taken into account. 

^The behavior is different from the ordinary inflation driven by the cosmological con- 
stant in which the gravitational potential decays exponentially. 
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values resulting in the proper number of e-foldings as shown in fig.l. This 
result agrees to the rough estimate using the ratio of two mass scales as 
discussed in Section 2. 

0.25 



0.15 

u 

0.05 



-0.05 

-3 -2-10 1 

Figure 3: The evolution of the Bardeen potentials, $ (solid) and * (dashed), in 
the inflationary background within the linear approximation. The initial value 
satsifying $ = ^'(= tp) is taken to be the constant l/-v/26i with bi = 10 and 
k = O.OlMpc"^, provided m = 0.0156 (= 60A)Mpc~^. The other parameters are 
taken to be those used in [26]. The Bardeen potentials reduce their amplitudes, 
satisfying $ = — ^ at the transition point. 

Now, we discuss how the scalar spectrum changes during the inflation 
when non-linear effects are taken into account. It was known that the non- 
linear term in (10) tends to shift the scalar spectral index toward blue side 
from the Harrison-Zel'dovich-Pecbles spectrum by the order of the initial 
amplitude 1/bi [41, 25]. It was shown that within the linear approximation 
the initial pattern of the spectrum holds for the comoving momentum less 
than m, but it becomes impossible to preserve the power-law behavior for 
the high momentum region beyond m [26]. Indeed, the non- linear effect acts 
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to guarantee the power-law behavior of CFT beyond the Planck scale, and 
we can expect that the amplitude of scalar fluctuation will get smaller while 
preserving the power-law behavior during the inflation under the non-linear 
effect. 

Although the non-linear distortion of the scalar spectrum is significant 
initially reflecting that the initial amplitude of (/) is not so small as to be 
neglected, we can expect from the observation above that a scale-invariant 
Harrison-Zel'dovich-Peebles spectrum is realized after the inflation as fol- 
lows. The amplitude will reduce during the inflation preserving the power- 
law behavior, while the relationship between the linear and non-linear terms 
reflected in the order of /nl — 1 will be fixed as a consequence of the diffeo- 
morphism invariance (see also [42]). It implies that, as the scalar amplitude 
decreases to a small value of order As 10"^'^) at the transition time, 
the non-linear terms become negligible to order of square of the amplitude. 
Therefore, the scalar spectrum will reduce to the Harrison-Zel'dovich-Peebles 
spectrum (n^ — > 1), which is an original prediction of the dimensionless field 
governed by the four-derivative dynamics of conformal gravity. 

Let us discuss the dynamical effect which is originated from the existence 
of the correlation length Lp). This length scale implies the lack of 

correlation between two points separated beyond the correlation length ^\ 
at the initial stage before the universe starts inflating. We incorporate this 
fact to the primordial spectrum through the spectral index which have a 
quantum correction of order of tf. [25]. In order to take into account the 
non-perturbative effect we replace the coupling constant by the running cou- 
pling constant tr{k). Thus, we obtain the almost Harrison-Zel'dovich-Peebles 
spectrum with the sharp fall-off at A; = A, expressed as 



where we leave the constant v a,s a, free parameter and the comoving dynam- 
ical scale is defined by 




(14) 



A = a{Ti)AQG 



(15) 
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similar to the case of the comoving Planck mass scale, and thus Hj^/Aqq — 
m/X. This scale indicates that there is no correlation for fluctuations of the 
spatial distance larger than 1/ A today. 

Since we use the comoving wave number, the physical scale of the fluctua- 
tion we consider here becomes much larger than the correlation length at the 
transition so that the pattern of the spectrum will be printed in the classical 
universe without modification by the strong coupling dynamics at the phase 
transition. Thus, the spectrum (14) gives the primordial scalar spectrum to 
compute the CMB angular power spectra. 

Tensor spectrum The existence of the tensor mode implies a violation of 
the conformal invariance, which will be small initially because of the asymp- 
totically free nature of this mode. The tensor spectrum at the Planck time 
is then given by the two-point correlation function of the transverse-traceless 
component hjj^ of the traceless tensor field h^^. It is also described by a 
dimensionless linear field with logarithmic correlation function. Unlike the 
scalar mode, the amplitude of the tensor mode At is preserved during the 
inflation [26] so that the spectrum at the transition point is given by 



where At is a small dimensionless constant. The spectrum corresponds to 
the tensor spectral index of = 0, apart from the damping factor originated 
from the dynamical scale, which is taken to be the same as that for the scalar 
spectrum. Thus, the tensor-to-scalar ratio r = At/ As will become significant 
at the transition point. 

4 CMB Angular Power Spectra 

We compute the CMB multipole components using the cmbfast code [43] 
by taking the initial conditions to be the almost scale-invariant spectra (14) 




(16) 
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Figure 4: The TT spectrum with the WMAP5 and ACBAR data. The tensor-to- 
scalar ratio is taken to be r = 0.06 and the parameters in the dynamical damping 
factor are chosen as A = 0.00026 (= rn/60)Mpc"i with v = 0.0002. The optical 
depth is Te = 0.08, which is determined from the EE spectrum (not depicted), 
and the scalar amplitude is normalized appropriately. The other cosmological 
parameters arc fixed to be Qc = 0.20, flh = 0.043, Jlvac = 0.757, Hq = 73, 
Tcmb = 2.726, and Yue = 0.24. The quality of fit is xV^of = 1.10 {2 < I < 1000). 

and (16) given at the transition point for the scalar and tensor modes, re- 
spectively. 

The comoving dynamical scale is chosen to be A = 0.00026Mpc~^ in order 
to explain the sharp damping at the I — 2 multipole components. This value 
is consistent with the inflationary scenario given in fig. 2, in which the scale 
factor grows up about 10^^ from the Planck time to today, and thus we can 
expect from the definition (15) that the comoving dynamical scale becomes 
this order by taking Aqq ^ lO^^GeV as estimated in Section 2. 

The tensor mode is necessary to compensate for lack of the amplitude in 
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Figure 5: The TE spectrum with the WMAP5 data. The parameters are the 
same to those in fig.4. The quahty of fit is xVdof = 0.977 {2 < I < 1000). 

the multipole component lower than 100. The tensor-to-scalar ratio is taken 
to be r = 0.06 to fit with the WMAP5 data. The results for the temperature- 
temperature (TT) and temperature-polarization (TE) spectra are shown in 
figs. 4 and 5 together with the WMAP5 and ACBAR data, respectively. 

We have assumed a unique decoupling time ta for entire momentum 
range. However, if there is a time delay in the short scale at the space- 
time transition, the amplitude for high momentum region reduces further 
resulting red tilt of the spectrum. Data at high multipole components in 
future will tell us the detail of the space-time transition. 

5 Conclusion 

We have studied the evolution of universe based on the renormalizable 
quantum gravity from the conformally invariant epoch before inflation to the 
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transition point where the conformal invariance is completely broken. Intro- 
ducing two characteristic mass scales, the number of e-foldings and the scalar 
amplitude at the transition point have been estimated as about mpi/Aqc and 
(AQo/mpi)^, respectively. It suggests that the order of dynamical energy scale 
Aqg locates at energy lower than rripi by two orders. 

We gave a special attention on the non-linear effects in the power-law 
scalar spectrum of CFT from the viewpoint of diffeomorphism invariance. 
The local non-Gaussianity parameter /nl was evaluated to be the order of 
unity. Since the relationship between the linear and non-linear terms reflected 
in this order originates from the diffeomorphism invariance, it is expected to 
be preserved during the inflation. It suggests that as the amplitude decreases 
in the inflation era the scalar spectrum approaches to a scale-invariant one 
predicted from four-derivative dynamics of dimensionless gravitational flelds. 
In this way, we obtained the almost Harrison-Zel'dovich-Pecblcs spectrum for 
the entire range aside from the large scale beyond the correlation length. 

The sharp damping factor at the mass scale A = 0.00026Mpc^^ in the 
comoving frame originated from the dynamical scale Aqg — lO^^GeV, which 
reflects the initial state when there is no correlation larger than the correla- 
tion length = 1/Aqg before the space-time experiences inflation. Thus, 
the ratio Aqg/A ~ 10^^ represents the full scale factor of the universe grow- 
ing up from about the Planck time before the inflation to today. This order 
is consistent with the inflationary scenario of the universe assuming the ex- 
istence of the space-time transition occurring at the energy scale of Aqq. 

By making use of the spectrum at the transition point for the initial 
condition of the cmbfast code, we calculated the CMB angular power spectra. 
The initial spectrum for tensor mode was also given by the scale-invariant 
spectrum with the damping factor. We took the tensor-to-scalar ratio to be 
r = 0.06. Results are compared to the WMAP5 and ACBAR data with a 
signiflcant quality of x^. 

We wish to thank Naoshi Sugiyama for helpful discussions on analysis of 
CMB multipoles. 
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Appendix 



A Evolution Equations of the Bardeen Po- 
tentials 

The Bardeen potentials are given by$ = (/9 + /i/6 and = ip — h/2m the 
longitudinal gauge, where h = /iqo is the time-time component of the traceless 
tensor mode. The evolution equation is constructed from the effective action 
described by the combined system of the Riegert, the Weyl and the Einstein 
actions with the dynamical effects of the running coupling constant. In order 
to obtain the equations of motion only for these variables, the combinations 
of equations independent of the stress-tensor of matter fields are considered 
and the following coupled equations are obtained [26] : 

2 

+ ^e^^6(^<^ + 18dri4>dr,<^ - Af<^ - 6a,,0a,,^ 
Stt 

+ (12^20 + Udjdr,^ - 2f ) ^} = (17) 

and 

9 

+ ^e^'^{-2$-2^} = 0, (18) 
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where = and is an inflationary solution of homogeneous equation of 
motion (6). The second equation is of a second order obtained by factoring 
out the operator 

The dynamical factors -Bo(r) in both equations and the inverse of t^ir) 
in the second equation, which come from the Riegert and the Weyl actions 
respectively, show that the conformal gravity dynamics disappears at the 
transition, and thus the Einstein gravity dominates in the equation of motion. 
The second equation then plays an important role in connecting between 
the inflation and the Einstein phases, namely initially in the limit ir ^ 
the conformal mode dominates such that $ = while at the transition 
point where the coupling diverges, the configuration with $ = — ^ should be 
realized. 

References 

[1] C. Bennett et al., Astrophys. J. 464 (1996) LI. 

[2] D. Spergel et al., Astrophys. J. Suppl. 148 (2003) 175. 

[3] E. Komatsu et al., Astrophys. J. Suppl. 180 (2009) 330. 

[4] C. Reichardt et. al, Astrophys. J. 694 (2009) 1200. 

[5] J. Bardeen, Phys. Rev. D22 (1980) 1882. 

[6] H. Kodama and M. Sasaki, Prog. Theor. Phys. Suppl. 78 (1984) 1. 

[7] W. Hu and N. Sugiyama, Astrophys. J. 444 (1995) 489; Phys. Rev. D51 
(1995) 2599. 

[8] A. Liddle and D. Lyth, Cosmological Inflation and Large-Scale Structure, 
(Cambridge Univ. Press, 2000). 

[9] E. Harrison, Phys. Rev. Dl (1970) 2726. 



17 



[10] Ya. B. Zel'dovich, Mon. Not. R. Astron. Soc. 160 (1972) PI. 

[11] P. Peebles and J. Yu, Astrophys. J. 162 (1970) 815. 

[12] A. Guth, Phys. Rev. D23 (1981) 347. 

[13] K. Sato, Mon. Not. R. Astron. Soc. 195 (1981) 467. 

[14] A. Linde, Phys. Lett. B108 (1982) 389. 

[15] A. Albrecht and P. Steinhardt, Phys. Rev. Lett. 48 (1982) 1220. 
[16] A. Starobinsky, Phys. Lett. B91 (1980) 99. 

[17] V. Mukhanov and G. Chibisov, Pis'ma Zh. Eksp. Theor. Fiz. 33 (1981) 
549 [JETP Lett. 33 (1981) 532]. 

[18] A. Starobinsky, Pis'ma Zh. Eksp. Theor. Fiz. 34 (1981) 460 [JETP Lett. 
34 (1981) 438]. 

[19] A. Vilenkin, Phys. Rev. D32 (1985) 2511. 

[20] S. Hawking, T. Hertog and H. Reall, Phys. Rev. D63 (2001) 083504. 
[21] K. Hamada, Prog. Theor. Phys. 108 (2002) 399. 
[22] K. Hamada, Found. Phys. 39 (2009) 1356. 

[23] K. Hamada, S. Horata and T. Yukawa, Focus on Quantum Gravity Re- 
search, (Nova Science Pubhsher, NY, 2006), Ghap. 1. 

[24] K. Hamada, Int. J. Mod. Phys. A24 (2009) 3073. 

[25] K. Hamada and T. Yukawa, Mod. Phys. Lett. A20 (2005) 509. 

[26] K. Hamada, S. Horata and T. Yukawa, Phys. Rev. D74 (2006) 123502. 

[27] K. Hamada, S. Horata, N. Sugiyama and T. Yukawa, Prog. Theor. Phys. 
119 (2008) 253. 

18 



[28] E. Pradkin and A. Tseytlin, Nucl. Phys. B201 (1982) 469. 

[29] A. Polyakov, Phys. Lett. 103B (1981) 207; Mod. Phys. Lett. A2 (1987) 
893. 

[30] V. Knizhnik, A. Polyakov and A. Zamolodchikov, Mod. Phys. Lett. A3 
(1988) 819. 

[31] J. Distler and H. Kawai, Nucl Phys. B321 (1989) 509; F. David, Mod. 
Phys. Lett. A3 (1988) 1651. 

[32] R. Riegert, Phys. Lett. 134B (1984) 56. 

[33] I. Antoniadis and E. Mottola, Phys. Rev. D45 (1992) 2013. 

[34] L Antoniadis, P. Mazur and E. Mottola, Nucl. Phys. B388 (1992) 627. 

[35] K. Hamada and F. Sugino, Nucl. Phys. B553 (1999) 283. 

[36] E. Tomboulis, Phys. Lett. 70B (1977) 361. 

[37] S. Weinberg, in Understanding the Fundam,ental Constituents of Matter, 
ed. A. Zichichi (Plenum Press, NY, 1977). 

[38] P. Horava, Phys. Rev. D79 (2009) 084008. 

[39] K. Hamada, A. Minamizaki and A. Sugamoto, Mod. Phys. Lett. A23 
(2008) 237. 

[40] E. Komatsu and D. Spergel, Phys. Rev. D63 (2001) 063002. 

[41] I. Antoniadis, P. Mazur and E. Mottola, Phys. Rev. Lett 79 (1997) 14. 

[42] T. Pyne and S. Carroll, Phys. Rev. D53 (1996) 2920. 

[43] http: / /lambda. gsfc.nasa.gov/toolbox/tb_cmbfast_ov.cfm 



19 



